T cell proliferation rapidly expands the number of antigen-specific cells, a process that is necessary to control infection. Typically, this type of cell division is initiated by a T cell interaction with its cognate antigen on an antigen-presenting cell (APC), and its magnitude is determined by the strength of the TCR recognition event in that cell-cell contact [1] [2] [3] . Antigen-specific T cell clonal expansion has been reported to occur in the lymph node, where swarming T cells engage in cell-cell contacts with proximal APCs and other activated T cells 4, 5 , and this may represent a 'niche' for cell division. Yet cell division can also be driven by high local cytokine concentrations in the environment, in the possible absence of such cell-cell interaction. This scenario is considered a possible hazard for autoimmunity, as when non-virus-specific 'bystander' cells encounter high concentrations of cytokines produced by viral-specific T cells during an immune response in a lymph node 2, 6 . Cytokine-driven cell division is also important for homeostatic maintenance, wherein cytokines such as interleukin-7 (IL-7) or IL-15, in conjunction with transient low-affinity peptide-MHC (p-MHC)-TCR interactions, support turnover of clones 7 . Asymmetric cell division has been proposed to be a pathway that can influence the individuality of daughter cells 8 , but completion of cytokinesis has been considered invariant. To our knowledge, it has not been possible to clearly distinguish cytokine-driven cell division from TCR-driven cell division.
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A r t i c l e s (Cd4-Cre) to mice bearing loxP-flanked Sept7 (Sept7 flox/flox ) to generate Sept7 conditional knockout (Sept7cKO) mice 19 . These mice were subsequently crossed to transgenic mice bearing the OT-I TCR allele. Mice from both non-OT-I and OT-I backgrounds demonstrated nearcomplete loss of septin 7 in peripheral T cells, with a small proportion (5-10%) of cells that retained septin expression, as assessed by flow cytometry (Supplementary Fig. 1a ). To remove this contaminating population, we took care in all future analyses to eliminate these cells escapees from our experimental analysis when possible either by detection of intracellular septin 7 or use of mTmG mice 26 , in which Cre recombinase activity converts mTomato + cells to mGFP + cells. As in small hairpin RNA (shRNA) studies in cell lines 17 , genetic deletion of septin 7 led to coordinate loss of other key T cell-expressed septin family members in peripheral T cells as assessed by immunoblotting ( Supplementary  Fig. 1b) . The Cd4-Cre allele is expressed in a pre-double-positive (pre-DP, for CD4 and CD8 expression) phase of thymic development 27 , and we observed initial onset of septin loss in double-negative (DN, CD4 − CD8 − ) thymocytes with maximal loss by the single-positive (SP) stage in Sept7cKO mice (Supplementary Fig. 1c) . We observed similar proportions of DN, DP and SP thymocyte populations ( Supplementary  Fig. 1d ), equivalent cellularity in secondary lymph node organs ( Supplementary Fig. 1e ) and similar frequencies of CD4 + and CD8 + T cells within those organs (Supplementary Fig. 1f ). Additionally, naive resting septin-deficient CD8 + T cells maintained normal amounts of filamentous actin (Supplementary Fig. 1g ), and septin-deficient OT-I T cells showed morphological defects that phenocopied published findings with septin knockdown in T cell clones 17, 22 ( Supplementary  Fig. 1h,i ). These results demonstrate that development of septindeficient T cells in this mouse model is largely intact.
Selective proliferation defects in the absence of septins We sought to examine T cell proliferation in the context of control (Cd4-Cre + Sept7 flox/+ or CD4-Cre − Sept7 flox/flox ) or Sept7cKO CD8 + T cells isolated from these respective mice. Although septins are required for cell division in various types of eukaryotic cells, T cells can proliferate proficiently in the absence of septin 7 and associated septin family members 17, 22, 19 . Consistent with this, we found that, when cultured in vitro with bone marrow-derived dendritic cells (BMDCs) pulsed with the OT-I peptide antigen SL8, CD8 + OT-I T cells divided ( Fig. 1a and Supplementary Fig. 2a) , progressed in the cell cycle and expanded in number at a similar rate to wild-type cells (Fig. 1b) . Unexpectedly, however, when activated with plate-coated anti-TCR antibody or soluble phorbol myristate acetate (PMA) and ionomycin, septin-deficient OT-I T cells underwent fewer cell divisions, as assessed by dilution of the cytosolic dye CFSE (Fig. 1a and Supplementary Fig. 2a ) and cell recovery (Fig. 1b) after 72 h. Polyclonal CD8 + Sept7cKO T cells exhibited these celldivision defects as well (data not shown). Additionally, whereas stimulation with BMDCs generated largely conventional G1-S-G2/M cell-cycle profiles, stimulation in the absence of APCs resulted in bi-and multinucleated cells, as detected by flow cytometry (Fig. 1a and Supplementary Fig. 2b ) and confocal microscopy (Fig. 1c) . This differential block in cell division was also accompanied by an accumulation of septin-deficient cells of increased size (FSC-A hi ) as Fig. 2c ). Together, these data demonstrate that T cells are not intrinsically unique in not requiring septins for cytokinesis, as has been proposed 19 ; rather, only certain cytokinetic pathways are septin independent. Moreover, in assessing how the generation of multinucleated cells relates to cell division, we observed that septin-deficient cells were susceptible to cytokinesis failure with every division, not just the first one (Fig. 1d) . This observation suggests that failure to divide is a stochastic event, with the limited expansion of Sept7cKO T cells to APC-independent stimuli resulting from a breakthrough event with each division.
The division defect was not an obvious result of differential loss of filamentous actin with some stimuli and not others, as phalloidin staining at 24 h was identical between Sept7cKO and control OT-I cells (Supplementary Fig. 2d) . Additionally, proximal signaling in response to all cues was unaffected by septin 7 depletion. This was apparent in equivalent upregulation of c-Myc and CD71 after stimulation (Fig. 1e,f) . Further, Sept7cKO OT-I cells stimulated by APC-dependent or APC-independent stimuli upregulated CD69 and CD25 similarly ( Supplementary Fig. 2e,f) . Finally, Sept7cKO OT-I T cell calcium flux in response to anti-CD3 crosslinking or thapsigargin blockade of sarcoendoplasmic reticulum calcium transport ATPase (SERCA) uptake was also equivalent to that of wild-type cells ( Supplementary  Fig. 2g ). To determine whether the distinctions among these stimuli related to strength of signal, we cultured T cells from control and Sept7cKO OT-I mice with BMDCs that had been pulsed with peptides differing in OT-I TCR-pMHC affinity across a range of concentrations and measured CD69 upregulation after 24 h (Fig. 1g) . Weak agonist peptides and lower doses induced less activation by this measure, but Sept7cKO cells behaved identically to controls, demonstrating that Sept7cKO T cell 'sensed' the density and identity of TCR signals similarly to wild-type cells. Thus, the differences we observed in Sept7cKO T cell proliferative capacity stimuli did not stem from defective TCR signaling or cell-cycle entry but suggest, rather, that APCs contribute key cellular factors that facilitate division of Sept7cKO T cells.
Sept7cKO division defects with APC-independent stimuli Soluble cytokines also substantially drive T cell expansion, so we tested whether this stimulus would lead to cell-division defects in septin-null T cells. We found that naive septin-deficient CD8 + OT-I T cells did not divide in vitro after exposure to homeostatic cytokines IL-7 and IL-15 or to high concentrations of IL-2 (ref. 28) (Fig. 2a and Supplementary Fig. 3a) . Defects in in vitro proliferation did not appear to result from dysfunctional signaling, as the extent of phosphorylation of STAT5, a target of these cytokine receptors, was similar between Sept7cKO CD8 + OT-I cells and control T cells (Fig. 2b) . As with TCR stimulation in the absence of APCs, soluble cytokines induced multinucleated septin-deficient CD8 + T cells (Fig. 2c) . The combination of APC-independent activation (by PMA or anti-TCR) with addition of IL-2 also failed to rescue in vitro proliferation, which suggests that the defect we observed did not result from inadequate cytokine production ( Fig. 2d and Supplementary Fig. 3b ). We concluded instead that, in contrast to stimuli from BMDCs, cytokines alone do not support cytokinesis of septin-null T cells.
Rescue of defective proliferation through cell contacts
We next sought to determine whether BMDCs were providing additional signals that overcame a block in proliferation in Sept7cKO cells. To do so, we again activated T cells in vitro with PMA and ionomycin as a base stimulus. Addition of peptide-pulsed BMDCs to these PMAactivated OT-I T cell cultures as an 'add-back' largely restored cell division, as assessed by CFSE dilution ( Fig. 3a and Supplementary  Fig. 4a ). This partial rescue was equivalent when BMDCs lacking antigenic peptide were added, demonstrating that BMDCs mediate rescue independently of their ability to generate strong TCR signals. However, supernatant from competent BMDC-T cell cultures, added at 20% of the total culture volume, was unable to restore division, which suggests that cell-cell contact was primarily responsible for this rescue effect. In addition, we found that resting B cells were unable to support cell division in Sept7cKO CD8 + OT-I T cells, whereas lipopolysaccharide (LPS)-activated B cells facilitated enhanced proliferation ( Fig. 3b and Supplementary Fig. 5b ), though not to the same extent as BMDCs (Fig. 1b) . That BMDCs and LPS-treated B cells supported Sept7cKO OT-I T cell division suggested that this rescue was mediated by cellular properties unique to highly activated APCs. A r t i c l e s npg
A r t i c l e s
In addition to TCR signals, APCs provide numerous accessory cues for T cells, and we investigated several of these. We found that signaling from costimulatory molecules to CD28 and from ICAM adhesion molecules to integrin LFA-1 represented a prominent portion of the rescue; antigen-free BMDCs restored cell division to Sept7cKO OT-I cells, and this effect was partially inhibited with blocking antibodies to CD80 and CD86 or antibodies to LFA-1 ( Fig. 3c and Supplementary Fig. 4b ). This blocking was even more profound when anti-CD80 and anti-CD86 were combined with anti-LFA-1. Surprisingly, blockade was nearly as effective when these antibodies were added 24 h after the initial stimulation with PMA and ionomycin plus BMDCs. This finding suggests that rescue of cell division was mediated by BMDCs in cell-cell contacts that take place well after the initiation of TCR signals.
To test whether these interactions were purely adhesive or resulted from signaling, we repeated the BMDC add-back experiments with several inhibitors that target phosphatidylinositol-3-OH kinase (PI(3)K), a key downstream signal transduction molecule in CD28 and LFA-1 pathways. We found that pan-PI(3)K inhibitor compounds LY294002 and GDC-0941 blocked the BMDC-mediated rescue of Sept7cKO OT-I cell division, with a modest reduction in control T cell proliferation ( Fig. 3d and Supplementary Fig. 4c ). Wild-type cell viability, however, was not grossly affected at the dose used (data not shown). Notably, blockade of PI(3)K signaling reduced septin-null OT-I T cell proliferation, whether inhibitors were added 24 h after BMDC addition or at the onset of culture. To extend these findings to a more physiological setting, we inhibited PI(3)K signaling 36 h after culturing Sept7cKO and control OT-I T cells with SL8-pulsed BMDCs and found that treatment reduced Sept7cKO T cell proliferation ( Fig. 3e and Supplementary Fig. 4d) . Notably, control T cell proliferation was modestly inhibited, with a more substantial loss in proliferation when PI(3)K was inhibited 24 h after initial culture with BMDCs (Supplementary Fig. 4e ). Although the magnitude of this effect was larger for septin-null T cells, these results imply that ongoing PI(3)K activity is required for maximal proliferation even in wild-type T cells.
Consistently with these results, the differing capacities of resting and LPS-treated B cells in facilitating Sept7cKO OT-I T cell division were not due to differences in proximal T cell activation, as assessed by CD69 upregulation (Supplementary Fig. 5a ). T cell division driven by LPS-treated B cells was mediated through prolonged signaling via CD28 and LFA-1 and dependent on PI(3)K ( Supplementary  Fig. 5b,c) . Together, these findings support a model in which APCs establish a niche of cell-cell contact interactions that is characterized by PI(3)K signaling and complements or compensates for septin function in CD8 + T cell division.
Polarized contacts support Sept7cKO T cell division BMDCs bearing CD80, CD86 and ICAM-1 are likely to represent a polarized surface during cell division, and we sought to address whether that feature is sufficient to complement septin deficiency. To address this, we cultured PMA-activated OT-I T cells in wells coated with adhesive molecules including ICAM-1, fibronectin and antibodies against CD44 and CD28. Of these, ICAM-1 and anti-CD28 were uniquely capable of enhancing division of septin-null CD8 + T cells (Fig. 4a and Supplementary Fig. 3c ). These findings suggest that npg BMDCs facilitate septin-null division through specific signaling, not merely through general adhesion and cellular contact. Furthermore, by selectively plating OT-I T cells with ICAM-1 at various time points during stimulation, we determined that rescue was taking place at least 24 h after initial activation but not at the time of initial stimulation ( Fig. 4b and Supplementary Fig. 3d ). T cells begin dividing at least 24 h after activation 4 , so this temporal window coincided with the kinetics of T cell entry into the cell cycle and ongoing division.
Septin dependence separates proliferation drivers in vivo
Our in vitro findings suggest that the requirement for septins in T cell division distinguishes whether cell division is driven by the presence or absence of specific contacts or niches. We therefore compared different activating stimuli in vivo. Using the Dec-OVA model of antigen delivery, in which an antibody to the dendritic cell (DC) marker DEC-205 is conjugated to ovalbumin (OVA), to load antigens onto lymph node-resident DCs 29 , we found that adoptively transferred septin-null CD8 + OT-I T cells expanded similarly to their cotransferred wild-type counterparts (Fig. 5a) .
To test whether Sept7cKO T cells continue to require the presence of antigen-loaded APCs after initial activation, we cultured CFSElabeled Sept7cKO and control CD8 + OT-I T cells with SL8-pulsed BMDCs for 36 h, at which point we isolated the T cells. We then replated Sept7cKO and control T cells or cotransferred them to antigen-free mice. When the T cells were cultured in vitro, Sept7cKO T cells showed notable cell division defects (Fig. 5b) . Sept7cKO T cells, however, did not divide as proficiently as control T cells when transferred to antigen-free host mice (Fig. 5b) . These findings suggest that although Sept7cKO T cells do not require antigenbearing APCs during cell division, endogenous in vivo interactions that are absent from the T cell-only cultures are sufficient to support successful cell division.
In contrast, when anti-IL-2 complexes were delivered to generate cytokine-mediated proliferation in the absence of overt APC involvement, expansion of adoptively transferred septin-null OT-I T cells was significantly reduced compared to that of control cells (Fig. 5c) . As an additional cytokine-mediated in vivo challenge, we transferred polyclonal wild-type and Sept7cKO cells into sublethally irradiated mice. In these mice, T cells typically undergo a slow form of lymphopenia-induced proliferation, which is thought to mimic an acute form of homeostatic expansion 30 . Again, the overall expansion of septin-null CD8 + T cells was impaired (Fig. 5d) . These findings support a context-dependent requirement for septins in T cell division and extend our model to critical in vivo processes.
Septin requirement for CD8 + T cell homeostasis
We found evidence for defects in steady-state homeostatic maintenance of naive and memory CD8 + Sept7cKO T cells, which is in agreement with findings that septin 7 is required for cytokine-driven proliferation. Although peripheral CD8 compartments were comparable between Sept7cKO and control OT-I mice at 6-8 weeks of age, the frequency of CD8 + T cells declined after 6 months (Fig. 6a) . In addition, we found that decline was accompanied by a significant loss of phenotypically naive CD44 lo-int CD8 + T cells in aged Sept7cKO OT-I mice. Of the CD8 + T cells that remained in aged Sept7cKO mice, most were CD44 hi , in contrast to control cells that showed bimodal expression (Fig. 6a) , which suggests a lymphopenic environment in which surviving Sept7cKO CD8 + T cells may be responding to antigen 31, 32 . Given that memory CD8 + T cell homeostasis also relies on npg A r t i c l e s rescues cell division is the presence of a highly adhesive and activated surface or cell type. In vivo lymph node imaging studies of proliferating T cells have shown that antigen-specific T cells divide independently of contact with labeled APCs 5 , though division after DC contact has also been noted 40 . Our findings that APCs or surfaces high in specific costimulatory molecules and integrins rescue septin-null T cell cytokinetic defects in vitro and in vivo provide support that a niche in which T cells engage in contact interactions during the temporal window of division serves a functional role. We observed a spectrum of septin-null T cell proliferative competence across conditions of activation (PMA and ionomycin; anti-TCR and anti-CD28; and antigen-pulsed APCs), an effect that corresponds to the degree of PI(3)K signaling generated by these stimuli. It is thus possible that a threshold of total PI(3)K signaling must be reached for T cells to divide in the absence of septins; however, cytokines such as IL-7 and IL-2 generate PI(3)K activity through their receptors, and we did not find partial or full rescue of the cytokinesis defect in the presence of these cytokines. Distinctions in how and when PI(3)K is active probably underlie this observation, and it is also possible that the activating PI(3)K cue is counterbalanced by additional cell-cell cues. On the basis of the data, we favor a model in which APCs mediate septin-null cell division by providing a highly polarized source of PI(3)K signaling and/or stabilized cell cortex at or near the time of cell division. As septins have been described to establish polarity in yeast and reinforce local membrane compartmentalization by serving as a diffusion barrier [41] [42] [43] , it is tempting to speculate that septins and PI(3)K 'cooperate' or act redundantly to maintain polarity while T cells undergo cell division. Notably, compartmentalization of phospholipids has been described as important during cytokinesis, as the cytokinetic furrow is enriched for phosphatidylinositol-(4,5)-bisphosphate 44, 45 . Although studies have found PI(3)K signaling within the first 8 h of T cell activation to have the most crucial impact on eventual proliferation 46 , our data using PI(3)K inhibitors suggest that PI(3)K signaling even 24 h after T cell activation continues to regulate wild-type T cell proliferative potential and kinetics. Indeed, dual PI(3)K-septin pharmacological inhibition might prove selective in blocking antigen-independent proliferation of leukemic cells while sparing the proliferation of antigen-dependent host T cells.
One notable result of our work is that T cell signaling, even at a synapse, is independent of septins. Our original impetus for studying these proteins was the observation that they assembled densely as a ring around the immune synapse (J.K.G. and M.F.K., unpublished observations). To this extent, our collective data are at odds with studies that use shRNA approaches to link septins to efficient colocalization of the calcium sensor STIM1 and the calcium channel cytokines, we examined maintenance of memory CD8 + Sept7cKO T cells. Naive Sept7cKO and wild-type CD8 + OT-I T cells were cotransferred to host mice that were immunized intravenously (i.v.) with Dec-OVA. Sept7cKO T cells were detected at similar frequencies to that of wild-type T cells in the spleen 14 d later (Fig. 6b) but were slightly lower in number in lymph nodes (Supplementary Fig. 6a ) and showed high expression of memory precursor cell markers CD44 and CD62L (Supplementary Fig. 6b ). Sept7cKO and wild-type OT-I T cells were then sorted from the spleen and lymph nodes and cotransferred to antigen-free mice. The frequency of Sept7cKO and control T cells in these mice was determined 8 weeks later, as studies have demonstrated that many rounds of homeostatic turnover occurs over this period of time 33 . Indeed, the frequency of Sept7cKO T cells was significantly lower than that of control T cells in antigen-free host spleens after 8 weeks (Fig. 6b) , which indicates that septins have a role in facilitating memory T cell homeostasis. In contrast, although we noted a trend toward preferential wild-type T cell maintenance in the lymph node, it was not as severe as in the spleen (Supplementary Fig. 6c ). This observation may indicate different milieus between the two organs that support homeostatic division but remains an area of future investigation. Together, these data demonstrate that a lack of septins impedes T cell division in a stimulus-dependent manner in vivo.
DISCUSSION
We have identified a situation and mechanism that differentiates APC-and niche-driven proliferation from niche-independent division. This suggests that it might be possible to target specific types of T cell division with, for example, cytoskeletal inhibitors. This is of particular importance, as homeostatic expansion arising from lymphopenic conditions can result in rejection of organ transplants and, possibly, in autoimmunity and is not responsive to costimulatory blockade [34] [35] [36] [37] [38] . A preponderance of clinical immunosuppressive agents are directed against antigen-specific T cell expansion, typically targeting pathways downstream of T cell activation, such as those involving mTOR or calcineurin 35 . Drugs that are available to restrict homeostatic division, such as mycophenolic acid, target nonspecific processes, such as DNA synthesis 39 , that are characteristic of all forms of T cell division and thus leave patients ill-equipped to face pathogen challenge. Our work suggests that targeting septins and the pathways they use might yield better therapeutic strategies in such cases.
Published studies have found that T cells are among a select few eukaryotic cells that do not appear to require septins to complete cell division 17, 19 . We now understand that the T cell exception reflects a role for septins in cell division that is not cell-type dependent but rather context dependent. In the case of T cells, the context that A r t i c l e s ORAI and subsequent calcium flux in HeLa, Jurkat and human embryonic kidney (HEK) cells 47, 48 . We, in contrast, did not find that differences in septin-deficient T cell division capacity stemmed from defects in TCR signaling processes. One possible reason for this difference would be some form of compensation in our cells for this specific septin function. The presence of cell division defects argues against ubiquitous compensation, and the idea of signalingspecific compensation is not supported by data in which normal calcium flux was observed despite Cre transfection of Sept7 flox/flox T cell blasts (data not shown). An alternative explanation for the apparent septin defect reported in cell lines may be that these cells are experiencing cytokinetic failure and, thus, that defective signaling is relatively distal to septin deficiency. At present, although we cannot confirm that there is a requirement of septins for T cell calcium signaling, further work may be needed to determine how and when our findings align with published signaling studies. Why were we able to isolate T cells from the periphery of cKO mice if cell division is possibly compromised? One answer is that although the Cd4-Cre allele depletes septins in the pre-DP window, T cells in the post-DP stage typically do not divide again unless called upon to do so for homeostatic expansion. Additionally, with respect to homeostatic processes, although septin-null cells were clearly defective in expanding in vivo when transferred to sublethally irradiated mice, the effect was not as profound as the division defect to pure cytokines in vitro. It may be that some maintenance, if not expansion, of T cells in developing mice can involve synaptic cell-cell encounters that are septin independent. For example, IL-15 is trans-presented to CD8 + T cells by another cell bearing the α-chain 49 . Additionally, T cells at steady state engage in cellular contact with APCs presenting selfpeptide-MHC and/or fibroblastic reticular cells that produce homeostatic cytokines such as IL-7 (ref. 7) .
What is the breadth of this septin requirement in homeostatic processes? Septin-null T cells appeared to selectively lose CD44 − CD8 + populations in lymph nodes 31, 32 , and we also observed defective homeostasis of memory CD8 + OT-I Sept7cKO T cells in the spleen. In light of the trend in septin requirement, these findings suggest that endogenous cell-cell contacts in these settings do not mediate Sept7cKO T cell division as do endogenous cell-cell contacts for activated T cells. Although we found no specific defects in septindeficient T cells for effector generation, as assessed by surface markers or interferon-γ at day 6 after immunization (data not shown), late-stage cellular contacts such as those during asymmetric cell division or in late-stage T-T interactions 8, 50 may supply an additional, higher degree of complexity in T cell effector and memory development as well as clonal burst size and sustained survival. In sum, the observed distinction between septin-dependent and septinindependent immune cell cytokinesis indicates possibilities for enhanced selective targeting of proliferative processes.
METHODS
Methods and any associated references are available in the online version of the paper. 
